Abstract. The knowledge of tumor biology and the biomechanical properties of the urothelium have led to significant advances in the development of intravesical therapy for the treatment of non-muscle invasive bladder cancer (NMIBC). Targeted therapy improves the efficacy and decreases the side effects of antineoplastic agents. Nanoparticles that target antitumor agents to the urothelial cells have allowed for improved delivery of these agents to tumor cells. Gene therapy is another strategy that has allowed for a targeted induction of an antitumor response. Finally, engineering of the bacillus Calmette-Guérin (BCG) vaccine aimed to minimize the potential side effects associated with this treatment. These novel approaches hold promise for decreasing the rate of progression and recurrence of NMIBC.
Introduction
The estimated incidence of bladder cancer in the United States (US) was 72,570 in 2013, with 15,210 expected deaths from bladder cancer. Bladder cancer is associated with the highest cost among all types of cancer, due to the need for lifelong routine monitoring and treatment (1) . At diagnosis, 70% of bladder cancers are non-muscle invasive (NMIBC). Of these, 70% are stage Ta (papillary tumors confined to the urothelium), 20% are T1 (invading the lamina propria) and 10% are carcinoma in situ (CIS). NMIBC is currently treated using a combination of transurethral resection (TURBT) and intravesical therapy, depending on the stage and grade of the tumor. The main concern regarding NMIBC is the risk of progression to muscle invasive disease. Although the recurrence rate is high in both low-and high-grade disease, the risk of progression to muscle invasion depends primarily on tumor grade (2) . In patients with CIS, which is high-grade by definition, the rate of progression is >50% (3). However, low-grade Ta tumors rarely progress, although they recur at a significantly higher rate. While a number of intravesical agents are available for the treatment of NMIBC, there is a need for development of novel therapies that minimize the side effects and maximize the benefits of treatment, notably reducing disease recurrence and preventing progression.
The standard-of-care therapy for NMIBC is TURBT immediately followed by a single intravesical instillation of a chemotherapeutic agent, usually mitomycin C, to decrease the risk of recurrence (4) . Repeat TURBT is indicated for pT1 and high-grade Ta tumors, as the rate of upstaging is high (5) . Intravesical immunotherapy with bacillus Calmette-Guérin (BCG) has been reported to be the most effective treatment for CIS, reducing the rate of disease recurrence and progression; BCG has also been shown to decrease progression and recurrence rates when administered after TURBT for T1 lesions (6) . BCG is administered as a 6-week induction dose followed by multiple 3-week maintenance doses. The protocols for BCG therapy vary, although the most common is the one employed in the 2000 SWOG study, in which maintenance treatment is administered at 3 months, at 6 months and subsequently every 6 months for 3 years following TURBT (7) .
Although BCG therapy is currently considered the most effective treatment for NMIBC, it is often associated with side effects. Fever is the most common side effect, occuring in 75% of the patients, whereas gross hematuria occurs in 25% of the patients and other side effects, including irritative voiding symptoms, arthralgias and granulomatous prostatitis, occur at a lower frequency (8) . The most feared side effect of BCG is the development of BCG sepsis, which may be life-threatening, and occurs in >0.1% of the patients (8) . While intravesical delivery of BCG serves to limit its systemic spread, thus decreasing the risk of sepsis, the risk is increased in cases of traumatic catheterization or active infection of the bladder; therefore, BCG administration is delayed in such cases.
Considering the health and financial burden of NMIBC, there is an unmet need for the development of more effective treatment modalities to prevent disease progression and recurrence. Intravesical therapy is an attractive approach, as it has the potential to reduce the side effects associated with systemic drug absorption, thus allowing for a broader therapeutic window. Furthermore, intravesical therapy allows for more targeted delivery of the therapeutic compound to the tumor cells located in the bladder epithelium. However, intravesical therapy has to overcome two major physiological hurdles. The first one is a limited dwell time of drug in the bladder, due to washout during voiding; the second is the limited uptake of the drug into the urothelial cells (normal or malignant), due to the unique properties of the urothelium, as described below.
A number of targeted approaches are currently under evaluation for use in intravesical therapy, with the aim to develop an approach that will maximize delivery of the therapeutic compound directly to the tumor cells, while minimizing systemic absorption. To this end, constructs have been created in which vectors that target the urothelium are conjugated to chemotherapeutic or immunotherapeutic agents with known or hypothesized efficacy in bladder cancer. A number of these approaches are discussed below.
Advances in drug delivery vectors
The urothelium provides a water-tight barrier that prevents leakage of urine from the intravesical space (9) . The urothelium is composed of three cell layers: a basal germinal cell layer, an intermediate cell layer and the superficial 'umbrella cell' layer. The 'umbrella cells' are joined by tight junctions, preventing passive diffusion of substances across the urothelial cell layer. On their apical surface, the umbrella cells express a high density of plaques composed of uroplakins. These plaques provide mechanical strength to the epithelial barrier. In addition, the luminal urothelial surface is covered by a continuous mucin layer composed of glycosaminoglycans (GAGs). These hydrophilic molecules form a stationary aqueous layer covering the luminal surface of the urothelium, serving as a barrier between the bladder lumen and the urothelial cell layer. The GAG mucin layer prevents the adhesion of intravesical substances to the umbrella cell layer, limiting absorption of intravesical foreign substances. Therefore, improved penetration of the therapeutic agents into the bladder wall requires mechanical or chemical disruption of the intravesical permeability barrier composed of the umbrella cell tight junctions and the GAG mucin layer.
One approach to increase drug bioavailability has focused on using lipid nanoparticles (LNPs) enclosing the compound of interest. In one study, a LNP was used to deliver small activating RNAs (saRNAs) to the tumor cells. saRNAs are a recently characterized class of double-stranded RNA molecules, which have been shown to induce RNA expression by mechanisms including transcriptional activation. It is known that one of the most common genetic derangements in bladder cancer is inactivation of the p53 tumor suppressor gene.
Suppression of the TP53 protein, in turn, leads to decreased expression of p21, a cyclin-dependent kinase inhibitor. A saRNA to p21 (dsP21-322-2'F) was formulated, which was intravesically delivered via LNP into nude mice, reportedly achieving a 40% tumor regression rate in the treated mice (10) .
A number of studies have focused on docetaxel, which is widely used in cancer therapy and has shown some efficacy in metastatic bladder cancer. Docetaxel is a chemotherapeutic agent belonging to the taxane group, which acts by stabilizing microtubules and inducing cell cycle arrest. Barlow et al (11) conducted a phase I trial of intravesical docetaxel in patients with BCG-refractory NMIBC. In that study, 54 patients with BCG-refractory NMIBC received 6 weekly instillations of intravesical docetaxel. Of these patients, 18 received further maintenance therapy. A total of 59% of the patients exhibited a complete response after this induction therapy. The 5-year disease-specific and overall survival rates were 85 and 71%, respectively. In initial responders, the median time to recurrence with and without maintenance docetaxel was 39.3 and 19.0 months, respectively.
In a preclinical study, mucoadhesive nanoparticles derived from hyperbranched polyglycerols (HPG-C8/10-MePEG-NH 2 ) were used to improve the delivery of docetaxel to tumor cells, based on the increased aqueous solubility and mucoadhesive qualities of this vector (12) . The authors of that study demonstrated that the docetaxel-loaded nanoparticles (DTX) significantly inhibited tumor growth in vivo compared to controls and to intravesical administration of commercially available docetaxel (Taxotere) and also demonstrated that the DTX formulation increased the permeability of the urothelial layer and increased drug uptake into the tumor tissue. Based on these results, nanoparticulated docetaxel may be an effective delivery system for the treatment of BCG-refractory NMIBC.
Nanoparticle albumin-bound agents (NAB) have been extensively investigated for improving the targeting of chemotherapeutic agents. NAB-paclitaxel has been approved by the US Food and Drug Administration as systemic therapy for metastatic breast cancer, as it demonstrated increased efficacy and a more favorable side effect profile compared to standard paclitaxel in a phase III trial (13) . The intravesical administration of NAB-paclitaxel in NMIBC was evaluated in a phase I trial, the results of which were recently reported (14) . A total of 18 patients with high-grade Ta, T1, or transitional CIS, who had failed at least one previous course of intravesical therapy, were recruited in that study. No grade 2, 3, or 4 toxicities were observed and 5 of the 18 patients (28%) had no evidence of disease at 6 weeks post-treatment. A phase II trial of NAB-paclitaxel is underway. Additionally, a phase I study of NAB-rapamycin (ABI-009) was recently conducted on patients with advanced solid malignancies (ClinicalTrials. gov; no. NCT00635284), the results of which are pending.
Advances in gene therapy
Adenoviral-mediated gene transfer has been extensively investigated as targeted therapy in a variety of cancers, including bladder cancer. A number of bladder tumor cells express the coxsackie virus and adenovirus receptor, making adenoviral targeting of drugs to the urothelium an attractive gene transfer technology (15) . A recombinant adenovirus (rAd) carrying the interferon-α2b (IFN-α) gene was developed to transduce the IFN-α gene into urothelial cells. Recombinant IFN-α has been clinically shown to improve the efficacy of BCG in combination treatment (16) . For this reason, IFN-α is an attractive candidate for gene therapy in BCG-refractory NMIBC. To increase binding to the urothelium and penetration across the urothelial cell surface, the rAd-IFN-α vector was associated with the excipient SCH 209702 (Syn3), which has been shown to enhance adenoviral-mediated transduction in NMIBC (17) . In a phase I trial of 17 patients with NMIBC who had experienced BCG failure, no dose-limiting toxicity was encountered (18) . Moreover, 43% of the patients experienced a complete response at 3 months and 2 patients remained disease-free at 29 and 32 months, respectively. A multi-institutional phase II trial, assessing the efficacy and safety of rAd-IFN-α with Syn3 in treating BCG-refractory of relapsed NMIBC, is currently underway (ClinicalTrials.gov; no. NCT01687244).
A second approach using adenoviral-mediated gene transfer in BCG-refractory NMIBC has been investigated. In this approach, a replication-selective serotype-5 oncolytic adenovirus, CG0070, was used to transduce the granulocyte-monocyte colony-stimulating factor (GM-CSF) gene into tumor cells. CG0070 was engineered to preferentially replicate in and destroy retinoblastoma (RB) protein-defective cells (19) . Thus, it was hypothesized that the anticancer effects of this therapy may be due to the direct oncolytic effect of the vector, as well as the immunostimulatory effect of GM-CSF. In a phase I trial, 35 patients with at least one failure of BCG treatment received either single or multiple infusions of CG0070 at different doses (20) . The complete response rate was 48.6% across all cohorts, with a median duration of complete response of 10.4 months. A 63.6% complete response rate was observed in the multi-dose cohort. Of note, the complete response rate among patients who were retrospectively found to have borderline or high RB phosphorylation and who received a multi-dose regimen, was 81.8%. An integrated phase II/III trial, assessing the efficacy of CG0070 expressing GM-CSF in BCG-failure patients, is currently underway (ClinicalTrials. gov; no. NCT01438112).
Adenoviral-mediated gene transfer has also been used to deliver rapamycin, a mammalian target of rapamycin (mTOR) inhibitor, to a genetically-engineered mouse model of CIS progressing to muscle-invasive disease (21) . This mouse model exhibited combinatorial deletion of the p53 and PTEN genes, a genotype shared with several high-grade human bladder cancers. It was demonstrated that deletion of these genes leads to activation of the mTOR signaling pathway and is correlated with progression from CIS to MIBC (22) . Intravescial rapamycin delivery using an adenoviral vector expressing Cre recombinase in this mouse model of CIS decreased the progression rate, as well as tumor size. In the same study, it was demonstrated that intravesical administration of rapamycin was more efficacious when compared to intravenous delivery.
In another approach to gene therapy for urothelial carcinoma, plasmids coding for cyclooxygenase-2 (COX-2)-inducible caspase-3 and -9 were intravesically delivered in a mouse model of urothelial carcinoma (23) . This model exploited the fact that bladder cells have been shown to overexpress COX-2 (24). The plasmids were complexed to a polymer, polycation poly(ethylenimine), which was shown to increase the permeability of the urothelial barrier. The results of this study demonstrated an inhibition of tumor progression in treated mice. The authors of that study hypothesized that this was due to either a pro-apoptotic or anti-angiogenic effect of the induction treatment.
BCG-based therapies
Building on the efficacy of BCG therapy in NMIBC, investigators have looked into developing treatments that elicit an immune response comparable to that of BCG, which is a live attenuated vaccine, while avoiding the systemic side effects of BCG. Mycobacterial cell wall extract (MCWE) from Mycobacterium phlei is similar in composition to BCG but does not contain live bacteria, therefore potentially avoiding systemic toxicity. MCWE was originally found to be efficient in BCG-refractory CIS and was associated with a favorable toxicity profile in a previous multicenter clinical trial (25) . However, the MCWE emulsion used in that study contained a preservative named thiomersal, which is a mercury derivative of known toxicity. One method of overcoming this issue is through the use of the mycobacterial cell wall-DNA complex (MCC), in which mycobacterial DNA is complexed to cell wall fragments. It was demonstrated that MCC exerts its anticancer effects by directly inducing apoptosis and indirectly stimulating the immune system (26) . A multi-institutional clinical trial evaluated MCC in BCG-naïve and -refractory patients with CIS (27) . Of the patients receiving a higher treatment dose (8 mg), 46% achieved a complete response at 12 weeks post-treatment. At 18 months, 29% of these patients remained disease-free. Severe adverse events occurred in 33% of the patients; however, only one patient required treatment discontinuation. Based on these promising results, a phase III trial assessing the use of MCC in BCG-refractory CIS or recurrent high-grade NMIBC within 2 years of successful treatment with BCG, is currently underway (ClinicalTrial. gov; no. NCT00406068). Treatment-related adverse events have been reported in 86% of patients in this trial, with 2 patients requiring treatment discontinuation due to adverse effects. Interim results indicated a certain efficacy of MCC in BCG-refractory patients, although repeat BCG induction was found to be more effective (28) . Therefore, this therapy may not be as promising as initially anticipated.
Targeted therapy of BCG components has also been investigated. One group of investigators used an octaarginine-modified liposome (R8-liposome) vector conjugated to non-live BCG cell wall skeleton (R8-liposome-BCG-CWS). The authors had previously demonstrated that R8-liposomes attached to tumor cells and effectively released their contents in the cell interior; upregulation of natural killer cells and stimulation of a Th1 response with administration of this compound was also reported (29) . In rats treated with N-butyl-N-(4-hydroxybutyl)-nitrosamine, a known bladder carcinogen, the intravesical administration of R8-liposome-BCG-CWS resulted in decreased rate of tumor growth (30) .
Other investigators have developed recombinant BCG vaccines with the goal of increasing the pro-inflammatory Th1 immune response elicited by BCG. In one such study, rBCG-S1PT, a recombinant BCG vaccine expressing the pertussis toxin subunit S1 was administered to mice following intravesical tumor implantation (31) . That study demonstrated a decrease in mean tumor weight and an increase in survival of the mice treated with rBCG-S1PT compared to those treated with BCG. An increase in the expression of tumor necrosis factor-α mRNA in the rBCG-S1PT-treated mice was also observed, which is indicative of an enhanced Th1 response as a result of this treatment.
Finally, investigators at the National Cancer Institute have initiated a study in BCG-refractory patients, randomizing them to BCG alone vs. BCG with a subcutaneous vaccine. This vaccine, PANVAC, is a poxviral cancer vaccine that has demonstrated therapeutic efficacy against a variety of carcinomas. PANVAC comprises a 'priming vaccine', consisting of a replication-competent recombinant vaccinia vector, followed by 'booster vaccines' consisting of replication-incompetent recombinant fowlpox vector. These vectors contain transgenes for the tumor-associated antigens carcinoembryonic antigen and mucin-1, which are overexpressed in high-grade bladder cancer. This vaccine also has three co-stimulatory molecules that may enhance the immune response. That trial is currently being conducted as a phase I/II study (ClinicalTrials.gov; NCT no. NCT02015104).
Conclusion
NMIBC remains a challenging clinical entity, due to the lack of effective therapeutic options and the high risk of progression and recurrence despite treatment. Although BCG-based therapy has been the mainstay of treatment for CIS of the bladder for over three decades, its use is limited by potentially life-threatening side effects and by the fact that several tumors are resistant or refractory to treatment with BCG. Therefore, the development of intravesical therapies is an attractive approach, which has the potential to directly target urothelial tumor cells, while avoiding systemic side effects. However, a major limiting factor in intravesical therapy is the urothelial permeability barrier, which limits the tissue penetration of drugs. Therefore, a number of the current approaches in intravesical therapy rely on vectors that either target the active compound to the urothelial cell surface or are able to better penetrate the urothelial barrier due to their chemical structure. The agents used in these novel approaches include traditional chemotherapeutic agents, such as docetaxel, paclitaxel, or rapamycin.
The other approach is gene therapy, which targets genetic dysfunctions that have been shown to be specific to NMIBC. A number of these approaches have already demonstrated proof of principle and are currently in clinical trials. By combining novel treatment modalities with enhanced methods of drug delivery to the urothelium, effective therapeutic options may finally become available to patients with NMIBC to limit disease recurrence and progression to muscle-invasive disease.
